There is a high level of variability in development of shrivel and levels of weight loss between apples (Malus domestica Borkh.) from different growers in storage. This variability derives from large variation in skin water vapour permeance (mol.s -1 .m -2 .Pa -1 ) within populations of fruit. Relationships found between shrivel, weight loss, and water vapour permeance for grower batches were used to develop a prediction system for the New Zealand Pipfruit industry that enables the identification of batches of fruit at risk of developing shrivel in storage. The mass loss segregation system measures water vapour permeance on random samples of fruit from batches of fruit from growers. Predictions of the risk of shrivel developing in batches of fruit during storage were made on 289 and 116 batches of 'Braeburn' and 'Pacific Rose   ' apples grown in the Hastings region. The mass loss segregation system was validated in 2002 using 500 fruit samples from 49 and 35 batches of 'Braeburn' and 'Pacific Rose   ' apples taken at harvest, respectively, and stored under commercial conditions for 6 months. Fruit were removed in September 2002 and incidence of shrivel was assessed. The models predicted the groupings of shrivel risk at 55 and 69% accuracy, for 'Braeburn' and 'Pacific Rose   ' apples. These prediction accuracies are about 40% better than the accuracy expected by random selection at 39 and 49%, respectively. The models predicted 70% and 88% of the batches with high levels of shrivel for 'Braeburn' and 'Pacific Rose   ' apples, respectively. The successful identification of at-risk batches of fruit will allow the industry to employ appropriate management strategies to minimise weight loss and the development of shrivel in storage.
INTRODUCTION
Excessive weight loss in pipfruit leads to shrivel, a condition characterised by a wrinkled skin appearance (Hatfield and Knee, 1988) . Anecdotal information from the industry indicates that there is considerable variability in the incidence and severity of shrivel development and levels of weight loss among individual apples within a packaging system (Maguire, 1998) .
High levels of shrivel can impose significant costs on both the grower and the exporter. Fruit with a high incidence of shrivel will either be discounted to ensure sale, or repacked. If the level of shrivel is severe the fruit will be disposed of as they are unmarketable. All of these scenarios result in lost revenue, added costs, or both. Therefore, predicting fruit with high risk of shrivel offers a significant cost advantage to the industry.
During the 1999/2000 season data was collected over 2000 batches of fruit (fruit harvested a the same time from a known area in an orchard) inspected between harvest and 140 days storage show that nearly 20 % of batches inspected had 2 % or greater incidence of shrivel. Some samples had 22 % of fruit showing signs of shrivel, confirming there is considerable variability in the incidence and severity of shrivel development among batches of fruit from different growers.
Weight loss during storage is generated from two processes: carbon loss from respiration and water loss. Maguire et al. (1999a) found that in commercial storage (0.5 o C and approximately 85 % relative humidity) variability in both weight loss and shrivel are largely determined by differences in the rate of water loss from fruit in storage. ) from fruit can be described using the steady state solution of Fick's first law of diffusion (Nobel, 1991): Water vapour permeance (WVP) provides a measure of the ease with which water vapour escapes from fruit. Maguire et al. (1999b) found large variability in values of WVP between individual 'Braeburn' fruit. Given the relative homogeneity of the environment within any given package of apples, it is likely to be variation in individual fruit values for WVP that gives rise to the reported variation in weight loss and shrivel in transportation and storage. Batches of fruit with higher average WVP were more variable, and had more individual fruit with very high WVP, which are at risk of, shrivel (Maguire et al., 1999b) . The average WVP from a batch of fruit can be linked to the risk of shrivel developing in that batch of fruit. Maguire et al. (1999a) presented work that quantitatively relates development of shrivel with the process of weight loss in 'Braeburn' apples. Similar work was completed in 2000 on 'Pacific Rose' apples (unpublished) . From this information, the authors developed a mass loss segregation system which utilised 'Shrivelcalc' software that predicts risk of shrivel development in storage from measurement of fruit characteristics at harvest. This work presents the validation of the mass loss segregation system in an industry setting in the 2001/2002 season for batches of fruit from grower of both 'Braeburn' and 'Pacific Rose' fruit.
MATERIALS AND METHODS
Samples of fruit were collected from batches of 'Braeburn' and 'Pacific Rose' fruit supplied to Apollo Ltd. and 'Pacific Rose' batches supplied to Johnny Appleseed Ltd. Fruit were collected from the gatehouse of Apollo Coolstore, ENZA Ltd. ( Each sample consisted of 36 export quality fruit randomly selected from the batches of fruit. In all, 289 samples were taken from 'Braeburn' batches of fruit and 116 samples from 'Pacific Rose' batches of fruit at submission.
Fruit were left overnight in the measurement lab, an insulated, air-conditioned room (20.4 ± 2.4 o C, 57.1 ± 9.0%RH). The fruit were placed into a plastic container that allowed ventilation. An initial weight of the fruit was taken (Fig. 1, a) with a second weight taken about 5 hours later (Fig. 1 c) . Data on the RH and temperature around the fruit during the measurements was recorded (Fig. 1 d) . All data was downloaded to the ShrivelCalc software (Fig 1 e) . Average fruit surface area was estimated using previously established fruit surface area to weight relationships for 'Braeburn' (Clayton et al., 1997) and 'Pacific Rose' (unpublished). Effective skin permeance for each batch is calculated based on a rearrangement of Eq. 1. The batches of fruit were then categorised based on the results as having low, medium, high or very high risk of developing shrivel in storage (Table 1) .
During the harvest season, storage samples were collected from 49 of the 'Braeburn' and 35 of the 'Pacific Rose' batches of fruit, for which shrivel risk predictions had been made. From these batches of fruit, 500 export-grade, count 100 fruit, were collected randomly from across the batch. The storage samples were placed into standard packaging (New Zealand apple industry; Z-pack with moulded-pulp trays) and were stored together at Apollo Coolstore ENZA Ltd. until shrivel assessments were made. Sample fruit were removed from coolstore and assessed for shrivel after approx. 13, 18, 22, and 27 weeks in storage; an additional assessment was carried out at 30 weeks for 'Pacific Rose' samples (1 Jul, 2 Aug, 29 Aug, 7 Oct, 7 Nov).
RESULTS AND DISCUSSION

Braeburn
A large proportion (61%) of the batches of fruit measured in 2002 were predicted as low risk of developing shrivel, with about 20% of batches of fruit predicted as falling in each of the medium or high risk categories.
Of the 49 batches of fruit obtained for shrivel assessments, 19 batches were predicted to have low shrivel risk, 13 batches were predicted to have medium shrivel risk and the remaining 12 batches were assessed as high risk. These predictions were based on WVP for each sample of fruit (data not shown). The corresponding levels of shrivel for these risk groupings were predicted for a storage period of 180 days (Table 1) . These categories of shrivel were used to assess the accuracy of the predictions based on WVP.
Fruit batches with a higher WVP developed shrivel earlier than batches with a lower water vapour permeance (Fig. 2) . As time in storage was prolonged the incidence of shrivel increased (Fig. 2) .
At the final shrivel assessment (6 months storage time for most of the fruit) the shrivel incidence for the batches of fruit was strongly related to the predicted shrivel risk category (P<0.0001; Fig. 3A) . The shrivel incidence from the low and medium risk batches were similar, however, there was a large 6-fold increase in shrivel incidence in batches from the high risk batches (P<0.05; LSD = 1.74; df = 30).
After 6 months storage the model correctly predicted the shrivel level of 55% of the batches (Table 2) . In this trial, given that 39% of the samples (19 out of 49) had high levels of shrivel, the model greatly reduced the risk associated with shrivel compared to treating all fruit as being of equal risk (i.e. selecting based on chance alone). Of the batches that showed high levels of shrivel (as determined by Table 1 ), 70% were identified by the initial WVP measurement (Table 2 ). Only 16% of the batches that had high levels of shrivel were incorrectly predicted as low risk batches. The model predicted batches with low levels of shrivel with 66% accuracy.
Pacific Rose    The 'Pacific Rose' batches measured in 2002 were predicted with similar proportions in each category of low (35 %), medium (32 %) and high risk (27%).
Of the 35 batches obtained for shrivel assessments, 9 batches were predicted to be low shrivel risk, 5 batches were predicted to be medium shrivel risk and 21 batches, high shrivel risk. The model performed well after 6 months storage with 69% of the batches predicted correctly (Table 3 ). Of the batches that showed high levels of shrivel (as determined by Table 1 ) 89% were identified by the initial WVP measurement (Table 3) . The model predicted low levels of shrivel correctly for 70% of the batches (Table 3) .
DISCUSSION
The mass loss segregation system successfully measured samples and predicted shrivel risk on a large number of batches of 'Braeburn' and 'Pacific Rose' apples. While the models performed well, there was some variation in shrivel data for both varieties with actual levels varying from those predicted (Tables 2 and 3) . Variation between actual shrivel data and prediction could come from a number of sources.
The major source of variation in this trial is from the sampling methodology.
WVP was measured on a separate 30-fruit sample taken from across 9 bins, whereas the storage samples consisted of a separate 500-fruit sample taken by different staff and from about 5 bins from the same batch of fruit. This large sample was often taken at a different time. Maguire et al. (1999a) found considerable variation between individual fruit and the averages for grower batches in the amount of weight lost before shrivel will begin. In addition, the assessment of shrivel is subjective and there is clearly some variation in the data particularly at the lower levels of shrivel. The variation in the subjective assessment may be exacerbated by the nature of shrivel particularly the anecdotal evidence that small patches of shrivel found on cold fruit to disappear as the temperature of the fruit warms.
Smaller fruit are known to shrivel sooner than larger sized fruit (Maguire et al., 2000) , because of the higher surface area to volume ratio. These models were developed on count 100 and count 90 fruit, and are sensitive to changes in fruit size. It was noted during this trial that the size of fruit sourced from 'Pacific Rose' batches was often variable, both within the batches and between different batches (Reid, pers. comm.). Variation in fruit size could therefore be contributing to variation between predicted and measured levels of shrivel.
Despite the variation in the data, in both cases the model and the WVP criteria were able to predict the three groupings of shrivel risk at 55 and 69% accuracy, for 'Braeburn' and 'Pacific Rose' apples, respectively. These prediction accuracies are about 40% better than the accuracy expected by random selection at 39 and 49%, respectively.
Of greater interest to the industry is the level of accuracy at predicting batches that are considered at risk of developing high levels of shrivel. The models predicted 70% and 88% of the batches with high levels of shrivel for 'Braeburn' and 'Pacific Rose' apples, respectively.
In conclusion, after testing 30 randomly selected fruit, from a line of 'Braeburn' or 'Pacific Rose' apples from Hawkes Bay, New Zealand, the ShrivelCalc model was able to predict the level of shrivel in storage of samples of 500 randomly selected fruit kept within the same storage environment with good levels of accuracy. The identification of at-risk batches will allow the industry to employ appropriate management strategies to minimise weight loss and the development of shrivel in storage. This model and the measurement system will provide the industry with an effective tool for management of shrivel risk in Hawkes Bay 'Braeburn' and 'Pacific Rose' in the 2003 season. Table 3 . Predicted and measured shrivel levels, based on groupings described in Table 6 weighted analysis with inverse of standard error for each prediction category), and B) incidence of shrivel for each line at the final assessment (7 Oct) for shrivel risk categories.
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